Abstract: A free-space optical delay interferometer (DI) featuring a continuously tunable time delay, polarization insensitive operation with high extinction ratios and accurate phase and time delay monitoring scheme is reported. The polarization dependence is actively mitigated by adjusting a birefringent liquid-crystal device. The DI has been tested for reception of D(m)PSK signals. 
Introduction
Delay interferometers (DIs) are needed to demodulate differential phase shift keying modulation formats, e.g. DBPSK, DQPSK and higher-level formats like D8PSK (for short, D(m)PSK). These formats have various advantages regarding noise, nonlinearities, and dispersion tolerance [1, 2] . Recently, DIs have been used to detect the amplitude and optical phase of coherent data signals [3] [4] [5] . The main advantage of such a -self-coherent‖ detection scheme [4] over a real coherent reception is that self-coherent detection does not require an expensive, possibly wideband-tunable local oscillator. Moreover, DIs have also been used as optical filters for all-optical wavelength conversion [6, 7] . More recently, DI's have been used as ultrafast optical FFT processing elements enabling FFT processing of a 10 Tbit/s OFDM signal [8] .
While delay interferometers have become important for all of the above and many more applications the fabrication of versatile delay interferometers is a challenge to this day. For the above mentioned applications, a versatile DI should feature:
• Tunability in delay time and tunability for phase. In almost any of the above mentioned applications a good reception quality, requires adaption of the time delay to the symbol rate [9] . In again other instances, it is sometimes advantageous to deviate from the one-symbol delay in order to mitigate transmission impairments caused by effects such bandwidth-narrowing by concatenated filters [10] . A DI with a continuously tunable delay would fulfill both requirements. Recently, a DI with adaptive delay has been presented by using cascaded Mach-Zehnder interferometers [11] , however this only provides a discrete switching of three delays. A continuously tunable DI has been proposed in [12] , where the delay is introduced by passing two orthogonal polarizations through a tunable differential group delay (DGD) element. This scheme, however, requires that the input signal has equal power for both orthogonal polarizations.
• Low polarization-dependent loss (PDL), and especially a low polarization-dependent frequency shift (PDFS), which is of particular importance for demodulating D(m)PSK signals [13] . This is normally achieved by carefully selecting the optical coatings, which should perform for all polarizations alike.
• Accurate monitoring and control of the operating point defining phase and time delay. Phase monitoring with a fixed time delay has been intensively discussed based on RF power monitoring [14] or based on a correlation method [15] . Although the efficiency of both methods has been demonstrated, the techniques are complicated, and they are limited to certain data formats and bitrates. A pilot-tone driven lock-in algorithm can be much more effective in fixing the DI operating point, especially for DQPSK reception, when a DI pair needs be locked to the desired π/2 relative phase offset. Sophisticated time delay control techniques can be found in the field of distance metrology [16, 17] . A simple solution would be to use a known pilot tone, and to count fringes when tuning the DI.
In this paper we present a polarization-insensitive, continuously tunable free-space optical delay interferometer. Our approach operates over a broad wavelength range. The paper is organized as follows: We first model an optical delay interferometer mathematically. Then we present an appropriate free-space setup, which provides a calibrated, continuously tunable time delay from 0 ps to 100 ps. We achieve PDFS mitigation by employing a liquid-crystal device to compensate the birefringence within the system. Delay and phase are controlled with the help of a pilot tone. Experimentally, we demodulate DQPSK signals at 11.7 GBd, 28 GBd and 42.7 GBd, present eye diagrams and bit error ratios (BER), and compare the outcome to the results measured with a commercially available DI with fixed delay. In the last section we show that with two additional polarization beam splitters four logic DIs can be folded into one single DI which serves as a tunable polarization division multiplexing (PDM) receiver for polarization multiplexed D(m)PSK signals.
DI modeling
A schematic DI layout is shown in Fig. 1 . It consists of two couplers and two optical paths of different length. The upper path has a time delay of ΔT compared to the lower path. The input electrical fields E in,1 and E in,2 are split by the first coupler (S I ), then experience two different optical paths, and are then combined at the second coupler (S II ), where two output fields E out,1 and E out,2 are generated. Following [6] we convolve (symbol *) the impulse response matrix of the DI with the time-dependent column matrix of input electric fields E in,1,2 , and find the time-dependent output electric fields E out,1,2 (only one polarization is considered): 
We can also write Eq. (2) in the frequency domain. We define the Fourier transforms of E out,1, 2 (t) and E in,1 (t) by Ê out,1,2 (f) and Ê in,1 (f), respectively. The associated transfer functions are
The power transfer function then becomes 
For the associated phases we find: 
From the frequency dependence of the phase we derive the group delay τ 1, 2 (f) = 1/(2π) dΦ 1, 
For an illustration of Eq. (5) we consider two extreme cases: When s I , s II = 0, a, b = 1, the input field E in,1 in Fig. 1 passes exclusively through the lower arm to the output 1. The squared magnitude of the transfer function at the outputs is calculated to be |H 1 (f)| 2 = B, |H 2 (f)| 2 = 0, and the output group delay is τ 1 (f) = 0 according to the assumption Eq. (1). When s I , s II = 1, a, b = 1, the input E in,1 in Fig. 1 propagates through the upper arm to output 1 without coupling into the lower arm. The squared magnitude of the transfer function at the outputs can be calcu- We define f 0 as a frequency where destructive interference occurs at output 1, and constructive interference at output 2. We plot |H 1,2 (f)| 2 as well as phases Φ 1, 2 (f) and group delays τ 1, 2 (f) as a function of the frequency offset from f 0 , blue curves in Fig In practice, losses and splitting ratios in a DI are not ideal as defined in Eq. (6). As an example we assume 2 dB of losses in one arm, i.e. A = 0.64, while all other parameters remain as in Eq. (6). For this case, the quantities |H 1,2 (f)| 2 , Φ 1, 2 (f) and τ 1, 2 (f) are plotted in Fig. 2 (red curves). In contrast to the ideal case, the red curves have a finite ER = 20 dB, and an additional loss of 0.085 dB. Furthermore, instead of the π-phase jumps, the phase slopes are reduced near the frequency for destructive interference, which results in a finite negative group delay, In the following we use the general model of Eq. (1) for designing a practical implementation of a free-space optics delay interferometer.
DI implementation and polarization dependence
DIs typically can be implemented as asymmetric Mach-Zehnder interferometers or as Michelson Interferometers. The two configurations are different though.
A Mach-Zehnder delay interferometer configuration is displayed in Fig. 3 (a) [18] . The interferometer is formed by a beamsplitter (BS) and a reflector. The BS splits the collimated input signal (red) in two paths. For changing the optical path length difference, the reflector is mounted on a micro-actuator to create a variable path length with an associated delay ΔT. However we notice that the upper, longer path usually has more loss than the lower path due to the additional reflector, so that the extinction ratio is degraded. Moreover, the minimum time delay difference ΔT between the two paths is also limited by the fact that the upper optical path is always longer.
Conversely, the Michelson interferometer allows a zero optical path difference and minimal power difference between the signals in both arms, thus providing a (theoretically) infinite large free spectral range (FSR) in combination with a high ER at -Output 1, 2‖, see Fig. 3(b) [19] .
A prototype has been built as depicted in Fig. 3(c) . The signals are coupled with fiber grin lenses into and out of the DI. The dimensions of 85 × 45 × 25 mm 3 can be further decreased by using the LIGA technology as in [18] . The actuator used in this setup has a mechanical step size of about 2 nm, which corresponds to a phase offset of about 1°. The mechanical tuning range amounts to 15 mm corresponding to a time delay tuning range of 100 ps. As the actuator responds within milliseconds, the tuning can be performed extremely fast. Now we consider an input with two orthogonal polarization states, v and h (-v‖ vertical polarization, and -h‖ horizontal polarization with respect to the incident plane). Because each surface in the system has polarization-dependent transmittivity and reflectivity, the transfer function of the DI is seriously affected by the input signal polarization state. While polarization dependent reflectivity can be minimized by carefully selected coatings, there remains a polarization-dependent phase shift. This phase offset results in a polarization dependent frequency shift (PDFS) of the DI transfer function.
To measure the PDFS of a DI, one could align the input signal parallel to one of two orthogonal (linear) polarizations, and calculate the difference between the respective transfer functions. In practice, because a DI is usually coupled to a standard single mode fiber, the input polarization state for the DI cannot be known. Therefore, we insert a polarizer directly after the input lens and record the spectral response of the DI for horizontal polarization. Then by rotating the polarizer we record the spectral response for a vertical polarization. The spectrally shifted responses are found at -Output 1, 2‖ and are depicted in Fig. 4(a) . Then with the knowledge of the PDFS, we adjust a birefringent element (by voltage tuning a liquid crystal (LC), Fig. 3(b) ) for compensating the polarization-induced phase offset. When applying 1 V to the LC, we observe the spectral response in Fig. 4(b) , where PDFS has been obviously mitigated as compared to Fig. 4(a) .
The PDFS measurement in Fig. 4(c) shows how the birefringence can be undone by detuning the liquid crystal. We have plotted Δφ pol = 2π (PDFS / FSR) against the voltage applied to the liquid crystal. The resolution of the plot is limited by the resolution of the equipment that allowed us to sweep the wavelength with steps of 10 pm only. For a FSR of 200 GHz (1.6 nm) we can resolve a phase difference of 2.2° (0.61% of FSR).
Once the birefringence is undone, it is undone for any delay ΔT as an additional free space does not add to the birefringence. In Fig. 4(a) , 4(b) one can notice that the ER = (maximum of output 1, 2) / (minimum of output 1, 2) at -Output 2‖ for both polarizations is larger than 30 dB. At -Output 1‖ and for h-polarization the ER is 30 dB as well, however for the vpolarization only 18 dB is measured. This difference is due to the fact transmittivities and reflectivities of the BS coating are slightly polarization dependent. In our case output 2 has an almost ideal extinction ratio because the two beams constructively interfering in the beam splitter and being mapped onto output 2 undergo one reflection and one transmission each. However, the two beams interfering in the BS and being mapped to output 1 undergo two reflections and two transmissions, respectively, which leads to a power imbalance (splitting ratio difference) for the slightest imbalance in the transmission and reflection coefficients of the BS coating. As we discussed above, this will lead to the ER difference between the two outputs at two orthogonal polarizations. As commercially available fixed-delay DIs have typically ER > 18 dB, this prototype has comparable performance. A PDFS < (0.61% of FSR) is also good enough for DQPSK demodulation [9,13]. To get an idea of the PDL and DGD to be expected in this device we tune our prototype to minimize PDFS as was done for measuring the data in Fig. 4(c) . We record the average squared magnitude of the transfer function for all possible polarizations, find the PDL and detect the DGD as a function of wavelength, Fig. 5 (a) and 5(b) (FSR 42.7 GHz). The peaks in PDL and DGD are due to the different transfer functions for the orthogonal polarizations. When the birefringence control voltage deviates from the optimum operating point, double peaks are observed in the PDL and DGD curves. We then introduce PDFS in a second experiment and consequently find strong PDL and DGD as plotted in Fig. 5(c) and 5(d) . The squared magnitude of the transfer function is averaged over all possible polarizations, and therefore the measured ER is small. Thus, one could minimize PDFS by minimizing the PDL and DGD peaks at destructive interference, especially when at the single peaks in Fig. 5(a) , 5(b) (upper traces) the PDFS is minimum. The ER of the average squared magnitude of the transfer function for all possible polarizations is maximum when the PDFS is minimum. So far we demonstrated a tunable DI with reduced PDFS. There remains the problem of the inaccurate step size and the hysteresis of the actuator, so we need means for a stable and precise setting of the time delay.
Time delay control
In practical application the absolute time delay needs to be controlled and mechanical instabilities need to be mitigated. To this end we design an active feedback control circuit. In Fig.  6(a) , the setup of the time delay and phase control is illustrated. A pilot tone at frequency f p counter-propagates with respect to the communication signal at f c . Circulators are used for separation of the pilot and signal tone. Because f p and f c can be widely different, appropriate filters would also allow a co-propagating arrangement without circulators [20] . For each DI, the pilot tone is detected with a low bandwidth photodiode, sampled for processing in the digital domain and fed to the respective control circuit.
To set the absolute time delay accurately one starts off from a known time delay and then counts the number of constructive and destructive interference fringes m max and m min , respectively, when adjusting the delay. The associated change δT of the time delay ΔT can be derived by counting the number of minima and maxima that a signal undergoes when detuning the delay Since the direction of movement is known, we can estimate the time delay ΔT, and ΔT × c (c is the speed of light) is expressed as multiple of the pilot tone wavelength. The remaining delay in distance is less than the wavelength of the pilot tone, which effectively introduces a phase offset to the signal. The remaining phase delay can be found by measuring the power swing of the pilot tone while scanning the delay, and by evaluating the pilot tone power deviation from the average power value at the end of the actuator travel.
For measuring the remaining phase delay more precisely [19] dithering the DI delay may be used [20, 21] . However, a mechanical DI dither introduces a deterioration of the transmitted signal data quality. So we decided for dithering the pilot tone frequency f p harmonically according to f (t) = f p + δν d sin (2πν FM t) using a frequency deviation δν d with a modulation frequency ν FM . Figure 6(b) shows the power transfer function and denotes its FSR, the DI's operating frequency f 0 , and the signal carrier frequency f c . Assuming that the pilot tone is connected to output 2 with f 0 being the frequency with constructive interference in the output, the frequency offset between pilot tone and DI is denoted Δ f p = f p  f 0 .
The phase monitoring photodiode in Fig. 6 (a) produces an output current
Measurement and experiment result
To demonstrate the quality of the tunable delay, we perform experiments with a long a medium and a short delay at 100 ps, 35.7 ps, and 10 ps. The average spectral responses over all possible polarizations, together with PDL versus wavelength are shown in Fig. 7 . The plots show from left to right FSRs of 10 GHz (resolution limited), 28 GHz, and 100 GHz. No matter what the delay is the plots show an average ER of more than 20 dB with a minimum PDFS at the two outputs. The PDL around the frequencies of constructive interference are close to zero for all delays. We then tested the performance across the spectral range. We performed three measurements with a FSR = 42.7 GHz (delay of 23.4 ps) at different wavelengths, Fig. 8 . Similar performances have obtained in each case. The accuracy of the absolute delay control algorithms has been tested next. We first set the DI at 700 GHz FSR. We then used a pilot tone at 1550.12 nm to perform the fringe count. The DI is tuned from 700 GHz to 600 GHz and down till 20 GHz, then up to 800 GHz and finally back to 700 GHz. The target value of each of the 40 measurements has been cross-examined with an optical spectrum analyzer (OSA) by connecting the DI input to an ASE source. Figure  9 (a) shows the relative deviation between the set FSR and the respective OSA measurement. The maximum deviation is ± 0.08%, which is mostly limited by the repeatability of the OSA measurement.
We then were interested in the accuracy of setting the DI to a particular phase. For this we modulated the pilot tone with ν FM = 60 Hz and δν d = 2 GHz and used to scan the phase offset over 360° at FSR = 40 GHz. Results at FSR = 80 GHz are also shown. In Fig. 9(a) , the deviations between the set phase offset and the cross-examinations with respect to an OSA are shown. A maximum error of ~2° is found. A 6 hours phase deviation measurement is per- The outputs of the DI were then connected to a 50 GHz balanced detector. The balanced receiver was built with a conventional photodiode combined with an inverted photodiode through a RF combiner. Demodulation of NRZ-DQPSK signals was performed at 11.7 GBd, 28 GBd and 42.7 GBd with a DI delay of 1 symbol duration. Eye diagrams of the in-phase channel captured with a DCA are shown in Fig. 10(a) . BER measurements were also performed with a PRBS sequence of 2 7 -1 at symbol-rates of 28 GBd and 42.7 GBd as depicted in Fig. 10(b) . For the two orthogonal polarizations the required received power for fixed BER is almost equal for both symbol-rates with the proposed DI. The performance is comparable with a commercial available DI in the same measurement setup. In Fig. 10(c) , similar received power requirement for fixed BER is observed over a broad wavelength range. GBd, (b) BER versus received power at 28 GBd (Δ green, for I and Q channels at polarization 1, blue for I and Q channels at polarization 2), and 42.7 GBd ( black for I and Q channels at polarization 1, , red for I and Q channels at polarization 2)for orthogonal polarizations of the tunable DI and single polarization of the typical DI (◄ magenta for I and Q channels), and (c) BER versus received power at 42.7 GBd at different wavelengths ( black for I and Q channels at 1545.56 nm,  red at 1550.12 nm, and Δ green at 1560.61 nm).
Polarization division differential detector
The tunable delay interferometer can be further extended into a polarization division differential detector. We show in a step-by step manner that the four DIs normally used for a polariza-tion diversity scheme with Inphase (I) and Quadrature (Q) phase detection can be simplified into single DI configuration.
The general concept is first explained on a conventional polarization division differential detector as shown in Fig. 11(a) . Its optical front-end includes 4 DIs which have a time delay ΔT that is optimized with respect to the symbol rate of the detected signal. The signal is first split into the two polarization components E x and E y (which in general do not correspond to the transmitter's polarization components) by a polarization beam splitter (PBS). Then each polarization is fed into 2 orthogonal DIs (π/2 relative phase offset) (I-and Q-DIs) and four balanced detectors are used to detect the signal components. The DI as described above can be simplified to combine the I-and Q-DIs in a single DI. This novel concept is shown in Fig. 11(b) . The scheme works as follows. First a PBS splits off the two polarizations E x and E y . Next we would like to determine the I-and Q-phase component of each of the polarizations. So we use quarter-wave plates (QWP) to convert the E x and E y components into circular polarizations (which provides us horizontal and vertical fields E h and E v . Please note that the real advantage of this scheme is that we have E h and E v fields of equal power!). Each circular polarization is then fed into a separate DI. One branch of the DI comprises the time delay and the other branch a birefringent element (e.g. a liquid crystal Δφ Pol ). The delay may then be set for the h-component to provide the I-phase component. The birefringent element may then be used to set the phase difference in the short branch to δφ pol + π/2 resulting in a π/2 relative phase offset for the v-component with respect to the hcomponent. The v-component will thus then provide us the Q-phase term. Using PBSs at the DI outputs the E h and E v fields can easily be separated and combined into the balanced detectors. Thus we have reduced the number of required DIs to only 2 DIs in this newly proposed configuration.
In Fig. 11(c) , we propose an additional reduction of required components in a free space optics implementation. Using a mirror, the two orthogonal polarizations are mapped into the same DI configuration with two beams propagating in parallel sharing the same optical elements. The signals are split and combined with one single NPBS and reflected back by two corner reflectors. One reflector is mounted on a movable actuator that introduces a time delay ΔT. In the other branch, the birefringent element is set to align the orthogonal relative phase offset between the I and Q-components. Two PBSs (including the one at the input) are used to separate the signals into h and v polarizations. The signals can be coupled into fibers or directly to photodiodes providing electrical signals for further processing. With this novel setup, four logic DIs in a polarization diversity self-coherent detection scheme are folded into one single and compact Michelson delay interferometer structure with one single actuator tuning the time delay.
Conclusion
A tunable free-space optical delay interferometer has been modeled and presented. Its delay is controlled with a pilot tone. The maximal time delay is up to 100 ps, which allows a reception of symbol rates > 10GBd. Its PDFS is mitigated by utilizing an adjustable birefringent liquid crystal. A more complex but very compact design for polarization multiplexed D(m)PSK signal detection is also presented.
